All aerobic biological systems, including N2-fixing root nodules, are subject to 02 toxicity that results from the formation of reactive intermediates such as H202 and free radicals of 02. H202 may be removed from root nodules in a series of enzymic reactions involving ascorbate peroxidase, dehydroascorbate reductase, and glutathione reductase. We confirm here the presence of these enzymes in root nodules from nine species of legumes and from Alnus rubra. Ascorbate peroxidase from soybean nodules was purified to near homogeneity. This enzyme was found to be a hemeprotein with a molecular weight of 30,000 as determined by sodium dodecyl sulfate gel electrophoresis. KCN Oxygen plays a critical but incompletely understood role in the metabolism of N2-fixing root nodules. Nodule function requires a delicate balance between respiratory 02 demand and the hazards of 02 toxicity. These hazards arise from the 02 sensitivity of nitrogenase and from the production of reactive intermediates such as H202 and superoxide free radicals (02*). A key defense against 02 toxicity is superoxide dismutase, an enzyme which has been detected in many aerobic organisms, including nodule host cells (21) and bacteroids (6). The superoxide dismutase reaction produces H202 which can also be damaging and must be removed through the action of catalase or peroxidase. Although catalase is present in soybean nodules (11, 21) , most peroxide removal probably occurs through a coupled series of oxidation-reduction reactions involving ASC3 and glutathione (5, Fig. 1 content of nodules and the activity of the first two enzymes in this system are positively correlated with nitrogenase activity and leghemoglobin content during the early stages of nodule development (5). ASC peroxidase and DHA reductase activities are not present in isolated bacteroids, thus implying these enzymes are of plant origin (5).
H202. The high affinity of ascorbate peroxidase for H202 indicates that this enzyme, rather than catalase, is responsible for most H202 removal outside of peroxisomes in root nodules.
Oxygen plays a critical but incompletely understood role in the metabolism of N2-fixing root nodules. Nodule function requires a delicate balance between respiratory 02 demand and the hazards of 02 toxicity. These hazards arise from the 02 sensitivity of nitrogenase and from the production of reactive intermediates such as H202 and superoxide free radicals (02*). A key defense against 02 toxicity is superoxide dismutase, an enzyme which has been detected in many aerobic organisms, including nodule host cells (21) and bacteroids (6) . The superoxide dismutase reaction produces H202 which can also be damaging and must be removed through the action of catalase or peroxidase. Al- though catalase is present in soybean nodules (11, 21) , most peroxide removal probably occurs through a coupled series of oxidation-reduction reactions involving ASC3 and glutathione (5, Fig. 1 ). The enzymes involved are ASC peroxidase, DHA reductase, and glutathione reductase. Similar reactions occur in chloroplasts (8, 17) and cyanobacteria (27, 29) . content of nodules and the activity of the first two enzymes in this system are positively correlated with nitrogenase activity and leghemoglobin content during the early stages of nodule development (5) . ASC peroxidase and DHA reductase activities are not present in isolated bacteroids, thus implying these enzymes are of plant origin (5) . All three of the enzymes in this system in chloroplasts have been purified and characterized (1, 12, 14) , but very little information is available on the corresponding enzymes in root nodules. A peroxidase from soybean root nodules was characterized by Puppo et al. (20) , but the effectiveness of ASC as an electron donor was not investigated. Legume root nodules reportedly contain numerous peroxidase isozymes (16) , but this may be misleading because leghemoglobins are capable of very high pseudo-peroxidase activity in the presence of appropriate reductants (20) .
We present evidence in this report of the presence of ASC peroxidase and associated enzymes in nine species of legumes and in red alder (Alnus rubra). ASC peroxidase from soybean root nodules was purified to near homogeneity and characterized with regards to substrate specificity, substrate affinity, absorption spectra, and effects of inhibitors. The enzyme is compared with other peroxidases, especially the ASC peroxidase from spinach chloroplasts.
MATERIALS AND METHODS Growth of Plants. Plants were grown in a greenhouse in pots of perlite as previously described (5 Enzyme Assays. ASC peroxidase was measured by the decrease in A at 265 nm due to ascorbate oxidation. The details of this procedure along with the assays for DHA reductase and glutathione reductase have been previously described (5) . Activity values for ASC peroxidation are based on linear rates observed after an initial lag phase. Information regarding assay concentration and extinction coefficients of other reductants used in peroxidase assays is as follows: guaiacol (10 Figure 1 were detected in nodule extracts from all nine species of legumes which were examined and from Alnus rubra (Table I) . Extracts of Lupinus nodules had much lower activity than extracts of other legumes. Repeated assays of Lupinus extracts showed that the activity was rapidly lost after extraction, thus suggesting that the initial rate may have been substantially higher.
Extracts from Alnus nodules had ASC peroxidase activity from 12-to 47-fold higher than legume nodule extracts (excluding Lupinus, Table I (Table II) . DEAE chromatography was an especially effective purification step. Most of the total protein was eluted in two major fronts containing 60 and 80 mM KCI (Fig. 2) . The bright red color of these two fronts indicated a high leghemoglobin content. Most of the ASC peroxidase activity was eluted at KCI concentrations of 100 to 130 mm. Subsequent ultrafiltration was effective for concentration but had little effect on specific or total activity. Gel filtration chromatography with Sephacryl S-300 yielded one peak of activity corresponding to a molecular weight of 47,000 ± 600 (±1 SE, 3 replicates). ASC peroxidase was bound weakly to hydroxyapatite and could be rinsed thoroughly with 1 mm KH2PO4/K2HPO4 buffer. The enzyme was eluted at phosphate concentrations of 2 to 15 mm and concentrated by ultrafiltration. The retentate thus obtained is referred to as the final preparation in this report and was used for spectral analyses and substrate specificity and electrophoresis studies.
Attempts to purify ASC peroxidase by affinity chromatography with concanavalin A were unsuccessful because the enzyme would not bind under conditions which result in binding of horseradish peroxidase (4) .
Electrophoresis. Native PAGE of the final preparation revealed one major and two minor bands when stained with either silver reagent or Coomassie blue (Fig. 3) . The proteins forming the two minor bands were not eliminated by processing of the final preparation through a second gel filtration with S-300. ASC peroxidase activity, as determined by spectrophotometric assay of proteins eluted from gel sections, was concentrated (0.86 activity units/mm3 gel) in the region corresponding to the major band. Activity (0.42-0.50 units/mm3) was also present in the region of the two minor bands. Other gel regions showed traces of activity (0.15-0.27 units/mm3) probably due to streaking along lane borders. No activity was detected from gel regions below the major band. Peroxidase activity as measured by 4-chloro-l-naphthol staining of intact gels was detected only in the region corresponding to the major band.
SDS gel electrophoresis resulted in a single prominent band with a Mr of 30,000 (Fig. 3) . Heavily loaded SDS gels revealed four very minor bands (Mr values of 60,000-100,000) when stained with silver reagent.
Spectral Analyses. The spectrum of the final preparation contained a Soret band with a maximun A at 407 nm (Fig. 4) . Following reduction by Na2S204, maximum absorbance was observed at 434 nm. A second peak was present at 554 nm. The spectrum of the reduced enzyme in the presence of 0.1 M KCN had peaks at 431, 529, and 558 nm (Fig. 5) . These results are consistent with the presence of a heme moiety (13) .
Inhibitor Studies. KCN, NaN3, CO, and acetylene were strong inhibitors of ASC peroxidase activity (Table III) hemeproteins (26) . Although this inhibition may not be absolutely specific for heme, it suggests that heme may be present.
Substrate Specificity. The reaction rates with the artificial reductants guaiacol and o-dianisidine were approximately equal to the rate with ASC (Table IV) . The rate with pyrogallol, another common nonphysiological reductant, was 38-fold higher than the rate with ASC. ABTS was only marginally effective. No activity could be detected with other potential natural (physiological) reductants, such as NAD(P)H, GSH, and urate.
An important distinction should be emphasized concerning these reductants. Leghemoglobin exhibits high pseudoperoxidase activity with artificial reductants such as o-dianisidine (data not presented) or guaiacol (20) . No peroxidase activity was observed in this study in DEAE chromatography fractions containing leghemoglobin when ASC was used as the reductant. Therefore, ASC peroxidase activity can be measured in crude extracts Table III . Effect ofInhibitors on the Activity ofPurified ASC Peroxidase Purified ASC peroxidase was preincubated 3 min with inhibitors at the concentrations indicated. CO and acetylene treatments consisted of bubbling with pure gas for 3 min. Activity was measured spectrophotometrically with ASC as the reductant as described in "Materials and Methods" with additions to maintain the inhibitor concentrations at the same level present during preincubation. Each assay consisted of a mixture containing 185 ng of purified peroxidase in a total volume of 1.60 ml. Each value is the mean of three replicates ± I SE.
Assay Native gel electrophoresis was used to verify the homogeneity of the final preparation. The two minor bands observed on these gels appeared to be the result of polymerization of ASC peroxidase monomers. Several independent lines of evidence support this interpretation. The minor bands contained ASC peroxidase activity after recovery ofproteins from homogenized gel sections. Passage of the final preparation through another gel filtration step did not eliminate the protein(s) of the minor bands despite the apparent size difference between these proteins and the protein of the major band. The protein of the major band was recovered from gel sections and subjected to a second analysis by electrophoresis under identical conditions. These gels also contained minor bands. Finally, these two minor bands were absent on SDS gels.
The difference between mol wt values as determined by SDS gel electrophoresis (30,000) and gel filtration (47,000) is possibly due to a strong effect of protein conformation on the latter procedure (2). The value derived by SDS gel electrophoresis is generally more reliable because conformational effects are minimized (24) . A further complication in establishing the mol wt of ASC peroxidase is the possibility of glycosylation. Further investigations are required to fully resolve this matter.
The presence of heme in ASC peroxidase is typical of plant peroxidases (18) . The absorption spectra presented here are similar to spectra previously reported for soybean nodule peroxidase (20) and for ASC peroxidase from Euglena (26) . They are also comparable to spectra for other hemeproteins such as horseradish peroxidase, thyroid peroxidase, and methemoglobin (13) . The spectra, along with the results of inhibition by CN-, N3, and CO, provide convincing evidence of the heme content of ASC peroxidase.
The reasons behind the inhibition by acetylene are not clear, but this observation clearly has implications for the acetylene reduction assay for nitrogenase activity. Ifthe peroxidase activity is inhibited during this assay, then nodule function may become increasingly impaired and nitrogenase activity will appear to be artificially low.
The mol wt of native ASC peroxidase from nodules (47.000 by gel filtration) is similar to the value reported for ASC peroxidase from spinach chloroplasts (45,000, Ref. 1). However, the nodule peroxidase differs in several important characteristics. The chloroplast peroxidase is very labile at 4°C with a half-life of about 10 h (1). The nodule peroxidase is relatively stable. The chloroplast peroxidase does not catalyze the oxidation ofguaiacol and is only slightly active with pyrogallol. The nodule peroxidase catalyzes the oxidation of both guaiacol and pyrogallol, with the latter showing an especially high rate. The chloroplast and nodule peroxidases do not catalyze the oxidation of GSH, NADH, and NADPH. This common factor distinguishes them from horseradish peroxidase (1).
Urate was considered as a possible reductant because it can be oxidized by horseradish peroxidase (19) and because urate is present in nodules ofureide-transporting legumes such as Glycine and Phaseolus. However, the nodule peroxidase did not catalyze the oxidation of urate.
The nomenclature for ASC peroxidase is based on the observation that this peroxidase exhibits high specificity for ASC (1, 26 
